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ABSTRACT
Zone refining is used for its ability to purify material and grow single crystals. To produce these
single crystals, a suspended molten zone, generated by electron bombardment, passes along the
polycrystalline stock. During a zone refining run, the filaments that produce the electron
bombardment can fail. In this project, the longevity of tungsten filaments in a zone refiner was
investigated. A new bombardment geometry was constructed to attempt to increase the longevity
of the filaments. The new geometry had a shield machined into it to prevent line-of-sight
impurities originating in the molten zone from striking the filaments. It was found that the new
geometry did not significantly increase the lifespan of the filaments. The longevity of the
tungsten filaments was longer in a zone refiner that had a pillbox with larger dimensions. It is
thought that the increased pillbox size allows for a reduction in the density of impurities thus
limiting the amount striking the filament.
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I. BACKGROUND

1.1 MONOCRYSTALLINE AND POLYCRYSTALLINE MATERIALS
A crystal is any solid material in which the component atoms are arranged in a definite
pattern and whose surface regularity reflects its internal symmetry 4. The orientation of crystals
can be random with no preferred direction, called random texture, possibly due to growth and
processing conditions 2. A crystal with multiple orientations is known as polycrystalline. A
crystal that is polycrystalline is most commonly found in inorganic solids, including all
common metals, many ceramics, rocks and ice. Most polycrystalline materials can be made into
large single crystals after extended heat treatment. An example of this treatment is found in zone
refining. A molten zone can change the polycrystalline into a single crystal as it is purifying the
stock. A model of the crystalline structures can be seen in Figure 1.1.

Figure 1.1 This displays the orientation of a single crystal compared to the orientation of a crystal
that is polycrystalline. Image reproduced from reference [1]

Single crystals are desirable for their use in electronics and optics. The single crystal that will be
produced in this experiment will be used in the production of a cathode for electron imaging and
can be seen in Figure 1.2.
5

Figure 1.2 This displays a single crystal that has been setup to be used as a thermionic cathode in
a scanning electron microscope.

1.2 ZONE REFINING
Zone refining is a method of purification and crystallizing materials. It uses the concept
that impurities are more volatile and sublimate in vacuum 14. An oriented crystal, known as the
seed, is held at one end of the zone refiner. The unpurified stock is held at the other end of the
zone refiner. In between the seed and the stock there is a small gap which suspends the molten
zone. Customarily, refining is accomplished by pulling the seed and crystallized material from a
crucible. However, a floating zone refining system was developed for cases that the melting
point of the material exceeds that of the melting point of the crucible. This method alleviates the
need for a crucible and uses an appreciable concentration difference between solid and liquid
phases at equilibrium 12. These two zone refining methods are illustrated schematically in Figure
1.3.
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Figure 1.3 An image showing the differences and similarities of a horizontal zone refiner and a
floating zone refiner.

Tungsten rods were used in a floating zone refiner with a similar set up to Figure 1.3. More will
be discussed in the experiment section of the paper.

1.3 MOBILE HEATING
The molten zone is created by electron bombardment from a mobile filament. This
mobile filament/pillbox moves from the tip of the seed to the top of the stock. The molten zone
changes the material from a solid state to a liquid state which causes the number of impurities to
decrease. While the pillbox travels up the stock, the molten zone “drags” the seed up with it
resulting in the stock to transform into oriented single crystal rod 8.
7

Figure 1.4 A picture of the molten zone moving up the stock. Image reproduced from reference [10]

This ability to change a materials’ orientation helps produce single crystals. The orientation of
the newly formed single crystals can be identified with various techniques such as Laué x-ray
backscatter diffraction.

1.4 PILLBOX STRUCTURE
The filaments of the zone refiner are located inside of the pillbox. A stepper motor
rises and lowers the platform that the pillbox is on which moves the molten zone. The pillbox
consists of: pillbox top, upper insert, pillbox ring, lower insert, pillbox bottom. The pillbox is
grounded and its structure changes the trajectories of the electrons that fire off from the
filaments.
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Figure 1.5 A diagram that displays the pillbox and how it is constructed A) All of the pieces
of the zone refiner are shown B) The upper insert is placed in the pillbox top and the lower
insert is placed on the pillbox bottom C) The full assembly of the pillbox is shown.
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II. THEORY

Zone refining by the use of electron bombardment relies heavily on the filaments, which
emit electrons to heat the stock. A filament burning out can result in over an hour of wasted time
back-filling the bell jar, replacing the filaments, and pumping down the system. It is theorized
that the filaments burn out more frequently from impurities in the stock striking the filaments
due to the heat of the molten zone. A shield could be used to protect the filaments from the
impurities striking them, but it would also change the trajectories of the emitted electrons.

2.1 RICHARDSON’S EQUATION
At a metal’s surface, potential barriers prevent free electrons from escaping at low
temperatures. When the metal is heated to sufficiently high temperatures, some of the free
electrons get enough energy to carry them over the potential barriers. Richardson's law gives the
current density of these thermally escaped electrons in the direction perpendicular to the heated
metal 11,
𝑤

𝐽 = 𝐴𝑇 2 𝑒 (−𝑘𝑇)
where A is Richardson’s constant, T is the temperature, w is the work function of the cathode
material, and K is the Boltzmann constant. This current can be produced by the use of a hot
cathode or filament, which is usually heated by a separate electric current passing through it.
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(1)

2.2 LANGMUIR-CHILDS LAW
As a metal (hot cathode or filament) is heated at low pressure, a supply of electrons will
be evaporated from it. When a high potential difference is across a cathode and anode, electrons
in the filaments will feel a force pulling on them. The electrons will then begin to accelerate and
create a steady electric current from the cathode to the anode. The current from the emitter to
collector for space-charge limited emission (excess electrons-available at emitter) can then be
given by the Langmuir-Childs law 11.
𝐼=

𝐾𝑉 3/2 𝐴
𝑑2
4

(2)

2𝑞

Where 𝐾 = 9 𝜀0 √ 𝑚

I is the emission current, V is potential difference between the cathode and the anode, d is the
distance between the cathode and anode, and K is a constant for an electron. This equation was
used in the decision making of the shield parameters.

2.3 ELECTRIC FIELD
The component of the electric field in any direction is equal to the negative of the rate of
change of the electric potential with distance in that direction 3.
𝐸𝑥 =

−𝑑𝑉
𝑑𝑥

Equation 3 shows that a uniform electric field and distance affects the voltage difference. The
electric field in this project is not uniform however this equation shows that the voltage affects
the strength of the electric field hence, the amount of emission current that will be produced.
The electric field inside of the pillbox will be graphed in the results section of the paper.
11

(3)

2.4 DC ELECTRIC POWER
Electric power dissipated by a system is the rate at which energy is converted from the
electrical energy of the moving charges to some other form of energy. In this case, the energy
will be converted into heat energy to zone refine the seed and stock. Power is equivalent to
voltage multiplied by current 3.
𝑃 = 𝐼𝑉

(4)

Thus, the amount of emission current needed to zone refine with will depend on the voltage
being applied to the seed and stock.

2.5 FILAMENT HOT SPOTS
While the filament is emitting electrons to the molten zone, it is also evaporating away. If
enough of the filament evaporates away it will become non-uniform and form pockets that are
called hot spots. Hot spots acquire more heat energy than the rest of the filament and can get
enough energy to burn the filament out 9. What can be accelerating the process of hot spot
growth are impurities striking the filaments as they are burned off from the molten zone. The
impurities could cause the filament failure as they alloy with the hot filament.
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III. DESIGN

As mentioned in section 2.2, the Langmuir-Child’s law was used in the designing of the
shield. It was found that when 3000 volts were applied to the seed and stock the filaments would
need to be 4mm away to create an emission current high enough to form the molten zone.

3.1 MOLYBDENUM SHIELD
There were two proposed shield designs. One idea was to attach a ring to 3 posts that
would block the filaments from a line of sight. The next design resembled a wall that would also
block the filaments from a line of sight. The design that needed posts was not used since it
required a radius that would create too low of an electron emission current.
The shield was first constructed by attempting to spot weld strips of molybdenum
together and set the hollow cylinders on top of the lower insert. The shields constructed this way
were poor since they were crafted by hand. This resulted in no useable data. It was then thought
to machine a shield into a lower insert with a lathe. After a few failed attempts a successful
shield was constructed. A computer-aided design and drafting system was used to model the new
lower insert which can be viewed below in Figure 3.1.

Figure 3.1 The lower insert with the shield machined into it that is used to test the longevity of the
tungsten filaments.
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The material, molybdenum, is chosen for its high melting point since the pillbox acquires an
immense amount of heat energy from the electron beams. The shield length is 2.7 mm long with
an inner radius of 1.6 mm and an outer radius of 1.9 mm. Since the filaments are placed 1 mm
outside of the shield the voltage applied to the tungsten rod had to be increased as well.

3.2 Electron Trajectories
A program called Integrated Lorentz was used to model how the emitted electrons
trajectories change when the shield is emplaced. It was found that the trajectories still hit the
stock but higher up than before. The molten zone’s change of location made it more difficult to
view than when there was not a shield. The trajectories can be viewed in Figure 3.2 where a
cross-section of the pillbox is displayed.
The program was also used to map the changing electric field. Using this program it was
possible to check if the electric field would be strong enough to zone refine. This was done by
comparing the electric field of the pillbox with, and without, a shield in it.
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Figure 3.2 Trajectories of the electron beams (a) cross-sectional view of the pillbox used for
production (b) cross-sectional view of the pillbox with the molybdenum shield
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IV. EXPERIMENT

The arrangement of a tungsten zone refiner with the purpose of testing the longevity of
the filaments used for induction heating will be discussed in this section. There are two ways the
tungsten zone refiner was arranged which can be viewed in Figure 4.1. The first arrangement
was the setup used for production which involves a seed and a stock. In between the seed and
stock was a 1.5mm gap which helped create room for the molten zone. The second arrangement
had a single tungsten rod with no gap but instead had the molybdenum shield inside of the
filaments. This geometry relies on a shaped electric field which bends the electrons over the
shield to strike the molten zone. Both arrangements started their runs at pressures lower than
10−5 Torr by the use of a turbo pump and a glass bell jar.
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Figure 4.1 Tungsten zone refiner setup A. has the filaments creating a molten zone that is turning
the stock to purified seed. Setup B. shows a single rod with a shield that the electrons would have
to go around.
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4.1 FILAMENT FORMATTING
The filaments are made from 25 mm lengths of tungsten wire with a diameter of 0.381
mm. The filaments are then bent in the center of the strip around a half inch rod in the shape of a
V. This shape helps when two filaments are selected to be attached to the filament legs. When
two filaments are selected, four 4-40 stainless steel screws and four washers are used to attach
one end of the filaments to each filament leg. The filaments should be crossed over one another
and the closest point of each filament should be about 2.9 mm away. Excess length is then cut off
to prevent shorting with the pillbox ring. This configuration of the filaments being connected can
be viewed in Figure 4.2. After this process a pair of fine tip tweezers can be used to bend the
filaments to assure that they are flat and placed correctly.

Figure 4.2 Tungsten filaments connected to each filament leg in half of the pillbox. Missing is the
pillbox ring, pillbox top, and upper insert. Both filaments are not touching anything that is
connected to ground.
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4.2 MULTI-PASS ZONE REFINING
As described above, the process for production was done in high vacuum. The seed and
stock had 3000 volts applied to them and the filament voltage ranged from 24-27 volts. The
filament voltage varied as it took different voltage each time to acquire the desired emission
current. Before the first pass could start a molten zone had to be created to melt both the seed and
stock together. This is done by placing the filaments at the top of the seed and slowly increasing
the emission current until the stock and seed are melted together. Once they were melted together
the filaments are moved slightly down the seed by the use of a stepper motor and direct drive.
The emission current is then set to 46 mA and ran up the stock at a constant velocity for 15
minutes. The next pass was brought down just below where the first pass had started and then ran
at 45 mA for the same amount of time; the third and final pass was run past the second starting
point at 44 mA for 15 minutes as well.
The second setup required the switching of upper and lower inserts in the pillbox. The
different lower insert had the machined shield in it and the different upper insert had 2.74 mm
less length than the previous one. The smaller upper insert created a larger electric field which
helped create a higher emission current for when the shield was being used. The second process
was also done in high vacuum and single tungsten rods were tested at 4000 and 4500 volts. Since
the voltage was higher for these runs, a different emission current was needed; equation 4 was
used to find the new emission currents. For 4000 volts the first pass required 34.5 mA, the
second pass needed 33.75 mA, and the third pass was run at 33 mA, For 4500 volts the first pass
needed an emission current of 30.7 mA, the second pass was run at 30 mA and the last run called
for 29.3 mA. Each pass was run for 15 minutes.
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V. RESULTS

The longevity of tungsten filaments in two zone refiners was investigated. Data collected
for zone refiner system one used the setup for production purposes only. The zone refiner system
two had data collected when it was setup for production, and also with a molybdenum shield. A
data point was considered valid if the filaments survived all three runs or blew out while zone
refining. A data point was rejected if the seed broke during a run, there was a shortage in the
system, or the run never acquired enough emission current to zone refine.

5.1 PILLBOX ELECTRIC FIELD
A program called Integrated Lorentz was used to determine the amount of voltage needed
to create a strong enough electric field for when the shield was setup in system two. To use this
program, it was assumed that the pillbox was perfectly symmetrical. The figure below represents
a line cut through Figure 3.2 of the electric field along the y-axis with the distance in the x-axis
being the filaments from the tungsten rod. This graph is only applicable to zone refiner system
two since the dimensions of the pillbox are different for each of the two zone refiners.
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Figure 5.1 Model created in Lorentz, showing the electric field inside of the pillbox when 3000
volts is applied to the seed and stock.

The peaks in Figure 5.1 come from where the upper and lower inserts are located in the pillbox.
Additionally, it can be seen in figure 5.1 that the minimum of the graph is 7.99 x 105 V/m. This
minimum results in the electric field required to produce an emission current high enough to
zone refine. Using Lorentz, it was also found that when the shield was inside of the pillbox, it
created a much different electric field. The electric field was significantly lower where the
filaments were located due to the shield blocking the path of the electrons. However, the electric
field could be increased with more voltage and by changing the pillbox. Figure 5.2 shows a
graph of what happens when the upper inserts length is reduced.
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Figure 5.2 Model created in Lorentz, showing the electric field inside of the pillbox when 4000
volts is applied to the tungsten rod. Various pillbox lengths are used, creating different electric
fields.

As a result of this, an upper insert was faced off with a lathe until its length in the pillbox became
2.74 mm. This new insert was able to create an emission current high enough to melt the stock.

5.2 FILAMENT BLOWOUTS
The original plan was to combine the data of zone refiner system one and system two
together. This was changed when it was found that blowouts occurred 12.0 percent of the time in
system one and 32.3 percent of the time in system two. This difference in blowouts can be seen
in Figures 5.3 and 5.4.
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Figure 5.3 A graph of the number of passes lived for each run in zone refiner system one.

Figure 5.4 A graph of the number of passes lived for each run in zone refiner system two.
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The data that was taken for system two with the shield in the pillbox had 4000 and 4500 volts
being applied to the tungsten rod. 4500 volts was chosen because it created an electric field that
was able to create a much more efficient emission current as 4000 volts did not always melt the
tungsten rod. The graph of the runs can be seen below in figure 5.5.

Figure 5.5 A graph of the number of passes lived for each run in zone refiner system two with a
molybdenum shield in the pillbox.

However, when 4500 volts was being used, the zone refiner would surge from particles
becoming ionized. This surging occurred most often near the beginning and end of a run. This
can be viewed in figure 5.6.

24

A

B

Figure 5.6 A) A zone refined piece of tungsten rod B) A zone refined piece of tungsten rod with
large notches in it from an increase of heat energy.
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VI. CONCLUSIONS

A successful shield to increase the longevity of the tungsten filaments was not produced.
When 4000 volts was applied with a shield, the filaments only survived 20 percent of the time
for three runs. When 4500 volts was applied with a shield, it lasted longer than without a shield.
However, the zone refined material that was produced had notches in it from surging. These
notches would cause many issues when used for their intended purposes. To prevent this surging
from occurring, a more efficient turbo pump is required to keep the system at lower pressures.
It was found that filaments in a larger pillbox survived three runs more often than
filaments in a smaller pillbox. This could be the result of the increased pillbox size allowing a
reduction in the density of impurities which will limit the amount to strike the filament. The
increased size could also be affecting the temperature of the filaments as well.
To further advance the longevity of tungsten filaments in a zone refiner, a number of
future research projects can be investigated. Multiple pillbox sizes could be explored to find if
there is one that is most efficient for electron bombardment. Another area that can be explored is
changing the dimensions of the pillbox and shield placement. A shield attached to the upper
insert instead of the lower insert could have gravity work with it to protect the filaments from
particles.
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